A detailed analysis of the molecular structural data and infrared absorption and Raman spectra of the hexafluoride of sulfur, selenium, tellurium, molybdenum, technetium, ruthium, rhodium, tungsten, thenium, osmium, iridium, platinum, uranium, neptunium, and plutonium has been made. These molecules, having the greatest number of symmetry elements of all existing molecules, possess an octahedral symmetry w ith the symmetry point group Oh. They give rise to six fundamental frequencies of which three are allowed in the Raman spectrum, two are allowed in the infrared absorption spectrum, and one is inactive. The inactive mode in normally determined from the overtones and combinations. On the basis of a rigid rotator and harmonic oscillator model, enthalpy, free energy, entropy, and heat capacity for temperatures from 200 °K to 2000 °K have been computed for these molecules. The results are briefly discussed and compared with available experimental data.
Introduction
From the results of electron diffraction studies, ments, the internuclear distances were not determined experimentally. Recently, the Te-F, Ru-F, and Rh-F distances were evaluated as 1.8512 Ä, 1.8775 Ä, and 1 .8738 Ä, respectively, from the stretching force constants of these molecules and from the Badger's empirical relation 12 by NAGARA-JAN 13 ' 14 . From high resolution infrared spectra and other molecular structural studies, several investigators [15] [16] [17] [18] [19] [20] reported internuclear distances for the hexafluorides of rhenium, osmium, iridium, platinum, uranium, neptunium, and plutonium.
The Raman and infrared absorption spectra of the group VIA hexafluorides of sulfur, selenium, and tellurium were first completely investigated by GAUNT 21 » 22 . The normal modes of six oscillations (three valency vibrations and three deformation vibrations) for an octahedral molecule of this type have been given [23] [24] [25] . One fundamental frequency for selenium hexafluoride and three fundamental frequencies for sulfur and tellurium hexafluoride were assigned to the gaseous state from Raman spectra 26 -27 . Recently, CLAASSEN, GOODMAN, HOL-LO WAY, and SELIG 28 studied the Raman spectra of these group VIA hexafluorides in the gaseous state by using powerful laser sources and correctly reassigned the fundamentals. The new values of the fundamentals in cm -1 are given in Table 1 . The Raman and infrared absorption spectra of the group VIB hexafluorides of molybdenum and tungsten were studied by many investigators. The Raman spectra of molybdenum hexafluoride have been studied in both liquid 19, 29 and gaseous 30 states but with poor resolution and without overtones. The Recently, WEINSTOCK and GOODMAN 32 presented a detailed review of electronic, infrared absorption, and Raman spectra of all the then existing hexafluorides. The hexafluorides of rhenium, technetium, and osmium were of particular interest because they offered an almost unique opportunity to study the spectra of molecules with vibronic coupling associated with the dynamic Jahn-Teller effect which was used to account for the unusual widths of certain vibrational bands observed by WEINSTOCK and CLAASSEN 33 . Although marked broadening of some of the bands was observed, the vibronic subbands 32 were not identifiable in the Raman spectra of rhenium and osmium hexafluoride 31 . The infrared spectrum in the gaseous state and Raman spectrum in the liquid state were studied for technetium hexafluoride by CLAASSEN, SELIG, and MALM 30 who found that technetium hexafluoride exhibited vibronic coupling to an even greater extent than the hexafluorides of rhenium and osmium. The Raman and infrared absorption spectra of rhenium hexafluoride were studied by GAUNT 34 . CLAASSEN and his associateds 28 studied the Raman spectra of the group VIIB hexafluorides of technetium and rhenium in the gaseous state with powerful laser sour- The Raman spectra of uranium hexafluoride were studied in both liquid 37 gaseous states 18 and their assignments were in good agreement with each other. The Raman and infrared absorption spectra of uranium hexafluoride were studied in both liquid and gaseous states 19, 21 and its fundamentals, given in Table 1 , were assigned. CLAASSEN and his associates 28 reinvestigated the Raman spectrum of uranium hexafluoride along with other hexafluorides in the gaseous state but their assignments of the fundamentals were similar to those of the previous ones. The Raman and infrared absorption spectra of neptunium and plutonium hexafluoride were studied in both liquid and gaseous states by MALM, WEINSTOCK and CLAASSEN 20 and the fundamentals were assigned. Later, the same studies were undertaken for neptunium hexafluoride by GASNER and FRLEC 39 and the fundamentals were reassigned. Recently, WEIN-STOCK and GOODMAN 32 reinvestigated these two hexafluorides along with other hexafluorides and correctly reassigned the fundamentals as they are given in Table 1 . On the basis of these recent vibrational and structural data, it is aimed here to compute the four thermodynamic quantities, namely, enthalpy, free energy, entropy, and heat capacity on the assumption of a rigid rotator and harmonic oscillator model. The results of the present investigation should be very useful for the evaluation of normal frequencies in other related fluorine-containing compounds, and for the interpretation of the results of experimental thermodynamic quantities, particularly, the entropies and heat capacities at normal pressures. 
Thermodynamic Functions
One of the best applications of the study of infrared absorption and Raman spectra of polyatomic molecules and other molecular structural determinations is that thermodynamic functions can be statistically computed, namely, enthalpy function [Ho -H0°)IT, free enthalpy or Gibbs free energy function (Fo -HFY/T, entropy S°, and heat capacity Cp. A rigid rotator and harmonic oscillator model is assumed for each molecule, and all four thermodynamic quantities are computed for a gas in the thermodynamic standard gaseous state of unit fugacity (one atmosphere) for the temperature range from 200 °K to 2000 °K. The vibrational, translational, and rotional contributions to the total thermodynamic quantities would be computed in the following manner:
The contribution due to molecular vibrations is obtained by summing the appropriate harmonic oscillator function G'ho from standard tables of functions 40 over all the normal modes of oscillation of the molecule. For the doubly or triply degenerate vibrations, the term must be doubled or tripled as appropriate. Thus, the vibrational contributions will be given as
where di is the degeneracy, G^o is the harmonic oscillator function, Ui is the internal thermal energy, and the sum covers all the normal modes. The internal thermal energy, Uf = hcwijT, is calculated for each normal mode, where h is the Planck's constant, c is the velocity of light, is the ith normal mode in cm -1 , and T is the absolute temperature. For each normal mode, the harmonic oscillator contributions to the four thermodynamic quantities, namely, CJR, (H -HQ)\R T, -(F -HQ)JR T, and SIR, are entered in a tabular form from the standard tables of thermodynamic functions 40 for the corresponding values of the internal thermal energies. After summing up all these values under each column, each total is multiplied by the gas constant R in order to obtain the quantities C, (H -HQ)\T, -(F -HQ)\T, and S. The value under the column of heat capacity, C, is added with 4 R in order to get the value of heat capacity at constant pressure, Cp, for the harmonic oscillator approximation at a pressure of one atmosphere. Similarly, the value Here S, F, CV, H, tr, r, T, M, and A stand for entropy, free energy, heat capacity at constant pressure, enthalpy, translational part, rotational part, temperature in degrees Kelvin, total mass of the molecule, and symmetry number of the point group to which the molecule belongs, respectively, and Ixx, Iyy, and Izz are the principal moments of inertia in atomic mass units times Ä 2 along the .r-axis, y-axis, and z-axis, respectively. The value, of the gas constant, R, is 1.9872 cal/deg mole. These contributions due to translation and rotation are added to the contribution due to vibration in order to obtain the total contribution to the free energy function -(F0 -H 0 0)/T, and the entropy, S°.
Results
The hexafluorides of sulfur, selenium, tellurium, molybdenum, technetium, ruthenium, rhodium, tungsten, rhenium, osmium, iridium, platinum, uranium, neptunium, and plutonium have 10 different symmetry elements and 48 different symmetry operations, the highest possible number of symmetry operations ever found in a molecule. These molecules, as described earlier, possess an octahedral symmetry with the symmetry point group Oh • Each molecule possessing several planes of symmetry gives rise, according to the relevant symmetry properties and selection rules 24 , to 15 vibrational degrees of freedom which, in turn, constitute only 6 genuine normal (fundamental) modes. The 21 Cartesian displacement vectors generate the representation T in the following manner: r = Aig -J-Eg + Fig -f Tv = Alg(JR;p) + E(i2;dp) + 2Flu(/; ||) + F2g{R;dp) + F2u (inactive)
where R, I, p, dp, and || stand for Raman active, Table 2 for the 15 hexafluorides.
It is seen from the results for these hexafluorides Table 1 ). values of thermodynamic quantities for uranium, neptunium, and plutonium hexafluoride show the same irregular order at every temperature which is due to the observed fundamental frequencies.
Experimental and calculated values for hexafluoride molecules in the gaseous state are compared in Table 3 . Encluding the entropies of molybdenum and tungsten hexafluoride the agreement is ex- cellent. The small disagreement in the entropy values for these molecules may be attributed to some error in the experimental observation of the molecular structural data. The good agreement between the experimental and spectroscopic values of thermodynamic quantities for some of the molecules studied here shows that the results presented here are very reliable and would be very useful in the future for the interpretation of the results of other experimental thermodynamic quantities and for the evaluation of normal frequencies in other related molecular systems having similar chemical bonds.
